Background Alcohol intake has been shown to be associated with an increased risk for breast cancer. In the analysis of longitudinal prospective cohort studies, however, the analysis of repeated measurements of alcohol intake might not be straightforward.
Introduction
The association between alcohol intake and breast cancer has been studied in numerous case-control and cohort studies. [1] [2] [3] Recent, large pooled studies suggest an increased risk even at low intake. 4, 5 It has been estimated that 4% of new breast cancer cases in developed countries are attributable to alcohol intake; 4 in Italy, where the average alcohol intake is high, the proportion was 10.7%. 6 Alcohol intake therefore, ranks as an important modifiable risk factor for breast cancer. In most previous prospective studies, only one baseline measurement of alcohol intake was used, on the assumption that alcohol measured at one time will predict an individual's intake over a longer period. Changes in drinking habits and random measurement error may, however, result in underestimation of the importance of alcohol intake if only baseline information is used. 7, 8 In some prospective cohort studies, like the Copenhagen City Heart Study, 9 repeated measurements of alcohol intake during follow-up are available, so that alcohol intake can be updated to obtain the most accurate information during follow-up.
In epidemiological studies, information on alcohol intake should optimally comprise the interval during which alcohol influences carcinogenesis. In all cancers, there is a long, highly variable lag between exposure and diagnosis. 10 In studies of long-term lifestyle factors like alcohol intake, the time of exposure is not clear, because it is not known when exposure reaches the critical level at which the disease process starts. 11 If alcohol intake influences earlystage carcinogenesis, the effect of time since exposure should be an increasing relative rate, 12, 13 and baseline measurements of alcohol might be more appropriate than updated information. In contrast, if alcohol intake influences carcinogenesis at a penultimate stage, updated information on alcohol intake might be more appropriate, and baseline measurements should be ignored. In prospective studies with repeated measures of alcohol intake, latency can be evaluated directly by lagging risk time. We therefore conducted a prospective cohort study with 27 years of follow-up to determine the influence of both baseline and updated alcohol intake on the risk for breast cancer and also the modifying influence of latency.
Materials and methods

Study design and population
The Copenhagen City Heart Study is a large prospective cohort study initiated in 1976 in which 19 698 individuals from central Copenhagen (Østerbro and Nørrebro) were invited to a health examination and to fill in a questionnaire concerning health behaviour. The sample was randomly selected by age strata from a population of 90 000 inhabitants of this well-defined area. A detailed description of the study has been published previously. 9 At the first examination, 14 223 persons participated (72%), and the cohort was re-examined in 1981-83, 1991-94 and 2001-04, supplemented with younger participants. At all three follow-ups, participants were invited to undergo a new health examination and to fill in similar questionnaires on health behaviour. We call these four examinations 'waves' 1-4. Table 1 shows the number of participating women in the four waves.
Exposure measurements
In wave 1, the participants were asked to describe their intake of alcoholic drinks in a multiple-choice format. Drinks were classified as beverages containing 12.8 g of alcohol in a 33-cl bottle of beer, 11.0 g in a glass of wine and 14.0 g in a drink of liquor. The choices were 'hardly ever/never', 'monthly', 'weekly' or 'daily'. If daily alcohol intake was reported, the average number of beverages per week was recorded. Supplementary, non-daily alcohol intake was estimated as previously described 14 and was added up to estimate the aggregate intake of alcohol in g/day. In waves 2-4, the average numbers of type-specific beverages consumed per week were reported, which were then added up to the aggregate intake in g/day.
Measurements of potential confounders
We included several factors as potential confounders in the statistical model. Smoking habit was included in five categories ('never', 'ex-smoker' and 'daily smoker' of 1-14, 15-24 or 525 g/day). The categories of physical activity we used were 'sedentary', 'light', 'moderate' and 'heavy'. Body mass index was categorized as <20, 20-24, 25-29, 30-34 or 535 kg/m 2 and educational level as 0-7, 8-11 or 12-24 years of education. Use of hormonal therapy was included as a binary variable, and menopausal status and age were categorized into six categories (pre-menopausal, <37 years of age, 37-44, 45-49, 50-54 and 555 years). Parity was included in four categories (nulliparous, one or two children, three children and four or more children). The main criterion for inclusion of confounders was that they had been shown previously to be associated with breast cancer risk. The potential confounders might have changed during follow-up, but, in order to obtain meaningful estimates, baseline alcohol intake was adjusted for confounders measured at baseline and updated alcohol intake was adjusted for updated confounders.
Measurement of outcome
By means of the personal identification number, which has been assigned to all residents of Denmark since April 1968, linkage was made with the National Central Person Registry and the Danish Cancer Registry. The vital status of each member of the cohort was determined in the National Central Person Registry. Information on cancer occurrence until December 31, 2002 was obtained through linkage to the files of the Danish Cancer Registry, which has collected information on all individuals in Denmark with a diagnosis of cancer since 1943. The registration is based on notification forms that are completed by hospital departments and practising physicians whenever cancer is diagnosed or found at autopsy, and whenever there are changes in an initial diagnosis. The cases recorded manually are supplemented by unrecorded cases found by computerized linkage to death certificate files and to the National Registry of Patients. 15 Medically qualified personnel supervise the entire process. Ambiguous or contradictory information leads to queries in 10% of the notifications received. Comprehensive evaluation has shown that the Registry is 95-99% complete and valid. [16] [17] [18] [19] We classified the breast cancers according to codes 170.0-170.5 of the modified Danish version of the International Classification of Diseases, 7th revision. Between the first examination and the end of 2002, the cohort experienced 476 primary breast cancers, of which 460 were histologically confirmed (431 carcinomas and 29 adenocarcinomas).
Statistical analyses
A Cox regression analysis was performed with SAS/ STAT software version 8.2 20 and R software version 2.1.1 21 to estimate the hazard ratio (HR) of breast cancer by alcohol intake, while taking potential confounding variables into account. Because age was a strong predictor of breast cancer, age was used as the time scale with delayed entry, thereby adjusting for the effect of age on the risk estimates.
In our first analysis, we included baseline alcohol intake by ignoring the repeated measures and using only the baseline measurement. In this analysis, breast cancer incidence during follow-up was related to alcohol intake at the time each woman first participated. In a second analysis, we evaluated the association between the most recently reported alcohol intake and breast cancer, representing the short-term risk. We treated each interval between waves for each woman as one observation (subject interval). This approach is equivalent to the algorithm that all subject intervals are pooled as if the information recorded at each interval is a new observation for evaluating breast cancer risk during that interval by alcohol intake status at the start of the interval. This procedure is described thoroughly by Cupples and colleagues. 22 We updated alcohol intake on the exact date of examination, thereby assuming no latency between alcohol intake and breast cancer.
Latency was evaluated in detail by relating updated alcohol intake to breast cancer incidence after a delay equal to the latency. Each subject interval then consisted of updated alcohol intake and risk time a number of years later, equal to the assumed latency. We thereby assumed that breast cancer occurring during the latency could not plausibly be related to the updated alcohol exposure. Latencies of 4, 8, 12, 16 and 20 years were used to compare the HR for different latencies.
Alcohol intake was categorized into <1.71 g/day (one drink/week), 1.71-12, 13-24, 25-48 and 448 g/ day. To study the shape of the curve of the relation between alcohol intake (baseline and updated) and breast cancer further, we examined the possible nonlinear relation between alcohol intake and breast cancer by using penalized cubic spline regression with approximately four degrees of freedom. 23, 24 Penalized cubic splines are a graphical representation of doseresponse relations with no a priori assumptions about the shape of the curve. We tested whether alcohol intake is significantly associated with breast cancer risk by testing whether all regression coefficients of alcohol intake jointly equalled zero by a Wald chi-square test with four degrees of freedom. Additionally, we used a trend test in which alcohol intake was included as a continuous variable in the model (Wald chi-square test with one degree of freedom). We give two-sided P-values and confidence intervals throughout this article. We examined plots of log(time) by log[-log(survival probability)] for alcohol intake and confounders, which should yield parallel curves if the assumption of proportional hazards is satisfied. These plots did not indicate violation of that assumption. We recruited 9318 women with no diagnosed malignant disease before study entry. Women participated from their first examination to the date of cancer diagnosis (breast or any other cancer other than non-melanoma skin cancer), date of death, emigration or disappearance, or end of follow-up (December 31, 2002), whichever came first.
Results
Characteristics of the study population
The number of participating women in the four waves of the Copenhagen City Heart Study decreased during follow-up (Table 1) . Women with higher alcohol intake were more likely to smoke more in waves 1-3 and to have a higher educational level in all four waves (Table 1) . Alcohol intake was highest among women with a body mass index of 20-24.9 kg/m 2 and higher among pre-menopausal than post-menopausal women. Nulliparous women and women with few children had higher alcohol intakes than women with more children.
The median alcohol intake decreased between wave 1 and wave 2 and increased between wave 2 and wave 4 (Table 1) , while the mean alcohol intake increased between wave 1 and wave 4 (data not shown). The four repeated measurements of alcohol intake were correlated, with correlation coefficients of 0.49-0.64 for adjacent waves; the coefficient decreased for waves further apart in time (data not shown). The correlation between alcohol intake at the first and the last wave was the lowest, 0.39. The percentages of women in the same category of alcohol intake at adjacent waves were 50-55%; the percentages of women whose category decreased during follow-up were 18-25% and the percentages whose category increased were 22-28%. The percentages of women whose intake increased by two categories in adjacent waves were 4-6%, and the percentages of women whose intake decreased by two categories in adjacent waves were 2-5%.
Baseline and updated alcohol intake in relation to breast cancer A positive relationship between baseline alcohol intake and breast cancer risk, after adjustment for confounders measured at baseline, was observed (Table 2) . Increased risks were observed for women with alcohol intakes of 13-24 g/day (multivariate HR ¼ 1.36; 95% CI: 1.01-1.81) and 448 g/day (HR ¼ 4.64; 1.67-12.9). The trend test showed a significant association with alcohol intake (P < 0.001); no association with updated alcohol intake was observed ( Table 2) . After multivariate adjustment, both the overall test (P ¼ 0.66) and the trend test (P ¼ 0.13) yielded high P-values.
For both baseline and updated alcohol intake, the risk estimates for almost all categories were attenuated after multivariate adjustment.
Examination of the association between alcohol intake and breast cancer with a penalized cubic spline regression curve (Figure 1) showed that baseline alcohol intake had a linear effect on the risk for breast cancer, whereas updated alcohol intake showed a threshold effect, with no increased risk for breast cancer at alcohol intakes below 40 g/day. The HR for baseline alcohol intake included as a continuous variable (10 g/day) on the risk for breast cancer was 1.20 (95% CI, 1.09-1.31) after adjustment for baseline confounders.
When both baseline and updated alcohol intake were included in the same model, the positive association between baseline alcohol intake and breast cancer risk was maintained (P overall ¼ 0.04), with a significantly increased risk at 448 g/day (HR ¼ 5.54; 95% CI: 1.45-21.2). The trend test was significant (P ¼ 0.005), supporting the hypothesis that baseline alcohol intake had an effect even after adjustment for updated alcohol intake. Conversely, after adjustment for baseline alcohol intake, updated alcohol intake showed no association with breast cancer risk. Simultaneous adjustment for both baseline and updated confounders only marginally changed the estimates associated with baseline and updated alcohol intake.
The influence of baseline alcohol intake was similar for pre-and post-menopausal women. For updated Alcohol intake at the most recent wave of Copenhagen City Heart Study, i.e. each person is allowed to change exposure status during follow-up. HR: hazard ratio; CI: confidence interval.
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alcohol intake, some divergence was seen between pre-and post-menopausal women, although none of the risk estimates was statistically significant (data not shown). Body mass index did not modify the influence of baseline or updated alcohol intake, and further adjustment for height did not affect the reported results (data not shown).
Latency
The estimates of the effect of updated alcohol intake on the risk for breast cancer increased almost monotonically when longer latency was included (Table 3) . For an alcohol intake of 12-23 g/day, the risk estimates increased markedly, from HR ¼ 1.18 for a 0-year time window to HR ¼ 2.48 for a 20-year window, while for alcohol intake above 48 g/day the estimates increased from HR ¼ 1.05 for 0 years to HR ¼ 10.5 for a 20-year window. This increase in risk estimates was similar for all four alcohol intake categories, although some of the confidence intervals were very wide because few cases were available for long latencies. The estimates for 0 years correspond to the risk estimates of updated alcohol intake in Table 2 .
Discussion
In this large, long-term prospective cohort study, we found a strong positive dose-response relation between baseline alcohol intake and breast cancer; however, inclusion of the most recent alcohol intake markedly attenuated the association. Longer latency increased the risk estimates, supporting the probability that the difference in results with the two methods might be due to a long latency between alcohol intake and breast cancer.
Previous prospective studies of use of baseline and updated information on risk factors for cardiovascular disease showed that the strongest risk estimates were for updated information. 7, 25 This has been ascribed to increasing non-differential misclassification of baseline information on risk factors with longer followup. 8 Willett and Stampfer 26 proposed that the association between alcohol intake and breast cancer might be underestimated by at least 50% when based on a single assessment of alcohol intake. In two metaanalyses, of 10 and 13 cohort studies, respectively, the association between alcohol intake and breast cancer was less strong in the studies with the longest followup, 1,2 which the authors ascribed to the possibility that the intake measure carries less information about intake during a more aetiologically relevant period 2 and to the ageing of the population, as older women are generally at higher risk for breast cancer, which could lead to a smaller relative risk associated with alcohol intake. 1 Our findings were not consistent with these results, as we found a pronounced increase of effect with longer latency.
1,2 Our results imply that the latency between exposure to alcohol and breast cancer is at least 20 years (Table 3) , because the risk estimates increased when longer latency was inferred. We were unable to determine whether the latency was even longer with 27 years of follow-up. Armenian and Lilienfeld 27 summarized much of the early literature on latency for seven specific cancers (not including breast cancer) and concluded that the median latencies range from 6 to 7 years for leukaemias to 36 years for lung cancer. In studies on atomic bomb survivors, the exposure was instantaneous, so that the time of exposure can be set unambiguously and analysis of latency is straightforward 12 (pp. 463-64). In a study of long-term lifestyle factors like alcohol intake, however, the time of exposure is not clear, 11 and the effect of latency may be difficult to separate from the effect of cumulative exposure (product of duration and intensity). Although the effect of latency can be inferred, as in this study, information on cumulative exposure was not available in the Copenhagen City Heart Study, e.g. as information on the start of alcohol intake or periods of alcohol abstinence. Nevertheless, if the effect of cumulative exposure explains our findings on latency, we would expect the risk estimates with updated alcohol intake to be stronger than those with baseline information, Figure 1 Penalized spline regression with approximately four degrees of freedom for effects of baseline and updated alcohol intake on the hazard ratio for breast cancer, Copenhagen City Heart Study, 1976-2002. Baseline alcohol intake adjusted for age (underlying time scale) and baseline confounders (body mass index, parity, physical activity, hormonal therapy, menopausal age, smoking habit and educational level) and updated alcohol intake adjusted for updated confounders. Dotted lines are 95% CI because the repeated measurements of alcohol intake were correlated in this study. Furthermore, in a review of exposure time-response relationships in cancer epidemiology, 10 Thomas stated that, if an exposure acts at the first stage of a multistage model of carcinogenesis, the effect of time since exposure should increase relative rates. Our results support the hypothesis that alcohol intake acts at an early stage of breast neoplasia.
Biological mechanisms
In further support of our interpretation of the results, biological evidence indicates a long latency between alcohol intake and breast cancer, as alcohol influences an early stage of carcinogenesis. 12, 28 One proposed mechanism is that alcohol increases the breast area occupied by mammographically dense tissue, 29 which is associated with breast cancer. 30 Another hypothesis is that cumulative lifetime exposure to oestrogens increases the risk for breast cancer, 31 and studies of both pre-and post-menopausal women support the hypothesis that alcohol intake increases oestrogen concentrations. 32, 33 Alternatively, alcohol may contribute to breast cancer risk at a late stage of neoplasia. For instance, high alcohol intake is associated with increased risks for regional tumours 34 and for breast cancer recurrence and death. 35 Even if these associations are attributable to confounding, e.g. that women who drink alcohol attend screening services later than non-drinkers, the mechanism is unknown. In a review, Singletary and Gapstur 13 concluded that the biological evidence for a longer latency between alcohol intake and breast cancer is stronger than that for a short latency.
Alcohol information
Self-reported information on alcohol intake might underestimate the true intake, 36 although studies to compare self-administered questionnaires with intake assessed by detailed diet records showed correlations above 0.80. [37] [38] [39] Systematic underreporting of consumption would result in an overestimate of the relative risk for breast cancer for a given level of alcohol consumption, while random misclassification among all women would have the opposite effect. Moreover, the shape of the dose-response curve might change if heavy drinkers are more likely to underreport intake than moderate drinkers. These types of measurement error are inevitable but counterweight each other; it is not possible to evaluate their overall effect on our results. Differential misclassification, whereby women with and without breast cancer misreport to different extents, was minimized in this study, because information on alcohol intake was collected prospectively.
There might have been a difference in the alcohol intake at baseline of women who participated only once and those who participated in more waves. The mean, median and interquartile ranges of baseline alcohol intake were almost identical for these two groups of women (data not shown), so that this does not explain the difference in results between baseline and updated alcohol intake.
The information on alcohol intake in wave 1 was different from that in the later waves, because it was partly conditional on covariates in wave 2, as 14 To investigate if this influenced our results, we excluded observations from wave 1 and conducted the analyses shown in Figure 1 . The results were almost completely identical (data not shown), indicating that the information on alcohol intake in wave 1 did not influence the results.
An alternative to using repeated measures of alcohol intake would be to average previous alcohol intake at different times during follow-up. As noted, updated alcohol intake was only most recent intake. Average alcohol intake could be interpreted as an intermediate approach between baseline and updated intake, because it combines the two. The risk estimates for average alcohol intake were between that for baseline and that for updated alcohol intake, except for an intake of 1.71-12 g/day, for which there was a slightly increased risk with an intake below 48 g/day and a significantly increased risk with an intake above 48 g/day (HR ¼ 2.75; 95% CI: 1.00-7.51).
Perspectives
Previous studies have suggested that updated exposure information is more precise and therefore superior to baseline information. 8 One conclusion of our results may be that this does not apply in cancer epidemiology, because of a pronounced effect of latency. If the latency is long, variations in alcohol intake during follow-up may equate to nondifferential misclassification. The effect will be strong if the variation in exposure during follow-up is large and independent of previous exposure. Although our data showed dependency between repeated measures of alcohol intake, the correlation became weaker with time.
In this study, with relatively crude information about alcohol intake during follow-up, inferring longer time lags gave stronger risk estimates than updated information without time lags. Thus, when analysing exposure that varies over time and with long follow-up times in cancer epidemiology, it is important to take explicit account of latency.
Large meta-analyses and pooled analyses have shown a linearly increasing risk for breast cancer with alcohol intake; 1,2,4,5 e.g. in a large pooled analysis of 322 647 women with 4335 cases of invasive breast cancer, the risk was 1.09 (95% CI: 1.04-1.13) for a 10-g/day increase in alcohol consumption. 5 Our risk estimate for baseline alcohol intake was stronger, HR ¼ 1.20 (95% CI: 1.09-1.31) for a 10-g/day increase; however, as the confidence interval is wide, the finding might not be in conflict with the previous result. In the six pooled studies, 5 only one measurement of alcohol intake was used, corresponding to baseline alcohol intake in our study. We suggest that the results of the combined analyses 1,2,4,5 are not biased towards zero because of random misclassification of alcohol intake during follow-up.
Conclusion
The results of this study support those of other prospective studies in which one measurement of alcohol was used, that the risk for breast cancer increases linearly with increasing intake of alcohol. When updated alcohol intake was included, no association was observed. A strongly increased risk was observed when risk time was lagged directly, supporting the hypothesis that the latency between alcohol intake and breast cancer is long. This conclusion is supported by biological and epidemiological studies of latency.
